The crystal structures of the ternary compounds Tb 0.67 PdAl 3 (hP14-4.67, P6 3 /mmc, a = 4.394(4), c = 9.372(6) Å) and Gd 1.33 Pt 3 Al 8 (hR51-14.00, R   m, a = 4.3090(14), c = 38.54(2) Å) were refined from X-ray single-crystal diffraction data. They contain monoatomic layers stacked along [001] with ordered or disordered distribution of rare-earth-metal atoms and Al-atom triangles. Together with the structures of Y 2 Co 3 Ga 9 , Sc 0.67 Fe 2 Si 5 , Er 4 Pt 9 Al 24 , and ErNi 3 Al 9 , they form a family of intergrowth structures built up of three kinds of monoatomic layer. Analyzing the relative positions of the monoatomic layers, some basic stacking rules, which may help to predict new structures, are formulated. Aluminide / Rare-earth metal / Noble metal / Single-crystal X-ray diffraction / Intergrowth layered structure
Introduction
The Al-rich parts of the phase diagrams of R-T-Al systems, where R is a rare-earth metal and T a d-element of group VIII, appear to be very complicated and a large number of ternary compounds containing >60 at.% Al have been reported [1] . Ternary aluminides crystallizing with 28 different structure types are listed in Table 1 . Nine types among these, i.e. ErNi 3 Al 9 [16] , DyNi 3 Al 9 [16] , Sc 0.67 Fe 2 Si 5 [19] , Gd 1.33 Pt 3 Al 8 [20] , Er 1.33 Pt 3 Al 8 [21] , Er 4 Pt 9 Al 24 [21] , Y 4 Pt 9 Al 24 [21] , Y 2 Co 3 Ga 9 [22] , and Ho 2 Rh 3 Al 9 [23] , are characterized by the presence of Al-atom triangles. These triangles and rare-earth-metal atoms are distributed in the ratio 1:2 in layers. Such compounds form in a rather narrow range of Al content (64.3-69.2 at.%) and their structures may be completely decomposed into monoatomic (one-atom thick) layers.
The aim of the peresent work was to study this group of ternary aluminides containing ordered or disordered layers with R atoms and Al 3 triangles, formulate some basic stacking rules for the layers, and search for new representatives with rare-earth metals and d-elements of group VIII.
Experimental
Alloys were synthesized from the elements (Tb ≥ 99.83 wt.%, Gd ≥ 99.86 wt.%, Pd ≥ 99.9 wt.%, Pt ≥ 99.9 wt.%, Al 99.998 wt.%) by arc melting in a water-cooled copper crucible under a purified argon atmosphere, using Ti as a getter and a tungsten electrode. The ingots were annealed at 600ºC in quartz ampoules under vacuum for 1 month and subsequently quenched in cold water. The weight losses during the preparation of the samples were less than 0.5 % of the total mass, which was 1 g for each alloy.
Single crystals were extracted from alloys of nominal compositions Tb 11 Pd 24 Al 65 and Gd 14 Pt 21 Al 65 (in at.%). They were mounted on glass fibers and X-ray diffraction data were collected in the ω-2θ scan mode at room temperature on a CAD-4T diffractometer (Mo Kα radiation, λ = 0.71073 Å). An analytical absorption correction was applied. No significant variation of the intensities was observed during the data collections. Cell parameters were obtained by a least-squares refinement of the angles of 25 reflections for each crystal. For the Tb-containing crystal, the systematic extinctions (hhl and 00l: l = 2n+1) indicated as possible space groups P6 3 mc, P2c, and P6 3 /mmc [27] . The structure was solved by direct methods in the centrosymmetric space group P6 3 /mmc, using the SHELXS-97 program [28] , leading to the composition Tb 0.67 PdAl 3 . A full-matrix least-squares refinement of the positional and anisotropic displacement parameters was performed on F 2 using the SHELXL-97 program [28] . Trial refinements in the noncentrosymmetric space groups P6 3 mc and P2c did not improve the results. In the case of the Gd-containing crystal, the atomic coordinates reported for Gd 1.33 Pt 3 Al 8 (space group Rm) in [20] were used as starting model and the structure was confirmed by a full-matrix least-squares refinement using SHELXL-97. The atomic coordinates of both structures were standardized by the program STRUCTURE TIDY [29] . Crystal data and details of the data collections and structure refinements for Tb 0.67 PdAl 3 and Gd 1.33 Pt 3 Al 8 are given in Table 2 .
Results
Structure of Tb 0.67 PdAl 3 . The refined atomic coordinates, site occupancies, and displacement parameters for the structure of Tb 0.67 PdAl 3 are listed in Table 3 . It represents a new structure type of ideal composition R 0.67 TAl 3 . The main feature of this structure is a statistical distribution of Tb atoms (position 2c) and Al 3 triangles (6h) within atomic layers of composition Tb 0.67 Al. The occupancy of the site in Wyckoff position 6h cannot exceed 1/3 because higher occupancy would lead to the appearance of impossibly short Al-Al distances (~1.8 Å) in the structure. Therefore, during the structure refinement, the occupancy of the Al site in Wyckoff position 6h was fixed at the value 0.33, whereas the occupancy of the Tb site in 2c was refined as a free parameter. The composition of the crystal refined to Tb 0.611(8) PdAl 3 . 
∆ρ min , e Å -3 1.513 -2.029 6.357 -6.079 The content of the unit cell and the coordination polyhedra in the structure of Tb 0.67 PdAl 3 are shown in Fig. 1 , and the interatomic distances within the ccordination polyhedra are listed in [22] , which is an ordered variant of the Tb 0.67 PdAl 3 structure with fully ordered distribution of rare-earth-metal atoms and p-element-atom triangles. Structure of Gd 1.33 Pt 3 Al 8 . Gd 1.33 Pt 3 Al 8 crystallizes with its own structure type; our refinements confirm the structural model proposed in [20] . The refined atomic coordinates, site occupancies, and displacement parameters are listed in Table 5 . As for the structure of the Tb 0.67 PdAl 3 compound, the main feature of the (7) 0.0039 (7) 0.0033(9) 0.0020(3) 0 0 Pt2 0.0100(10) 0.0100(10) 0.0117(15) 0.0050(5) 0 0 Al1 0.007 (7) 0.007 (7) 0.007(11) -0.005(9) -0.006(5) 0.006 (5) . 1 The unit cell and coordination polyhedra for atoms in the Tb 0.67 PdAl 3 structure.
Fig. 2
The unit cell and coordination polyhedra for atoms in the Gd 1.33 Pt 3 Al 8 structure. 
Discussion
Three kinds of monoatomic (one-atom thick) layer can be considered in the structure types Tb 0.67 PdAl 3 , Y 2 Co 3 Ga 9 [22] , Sc 0.67 Fe 2 Si 5 [19] , Gd 1.33 Pt 3 Al 8 [20] , Er 4 Pt 9 Al 24 [21] , R 0.67 Ni 2 Al 6 (hypothetic) [16] , and ErNi 3 Al 9 [16] . Two of them have triangular mesh, i.e. they possess the motif of close-packed layers, but the interatomic distances within the layers for aluminides (see Table 1 ) are ~4.3 Å. Such layers formed by p-(Al) or d-element atoms (T = Co, Ni, Rh, Pd, Ir, Pt) are shown in Fig. 3 . The third kind of layer has the composition R 0.67 Al ≡ R 2 Al 3 ≡ R 4 Al 6 (R = rare-earth metal). The R atoms and the centers of Al 3 triangles also form a triangular mesh (Fig. 4) . These layers derive from close-packed R-atom layers by a statistical (disordered) or ordered replacement of one-third of the R atoms by Al 3 triangles. In case of ordered substitution, the translation unit for such layers will be three times larger (new parameters: a' = 2a + b, b' = -a + b, see Fig. 4 ). The monoatomic layers are stacked along the crystallographic direction [001] in all the above mentioned structure types, i.e. they are perpendicular to the 6-fold axes in the hexagonal structures and 3-fold axes in the trigonal (rhombohedral) structures. The ratio of different layers, the stacking sequence and the degree of ordering in the R 2 Al 3 layers distinguish the different structure types. The interatomic distances within triangles (~2.65 Å) are the shortest Al-Al contacts in the structures indicating strong interaction. For the comparison and discussion of the above mentioned structures we use the conventional symbols introduced to define the stacking sequence of monoatomic layers in close-packed structures: position A with coordinates x = 0, y = 0, B with x = ⅔, y = ⅓ and C with x = ⅓, y = ⅔ (referring to the small hexagonal translation unit). (Fig. 8 ). However, contrary to Tb 0.67 PdAl 3 , in the structure of R 2 T 3 Al 9 the R atoms and Al 3 triangles are distributed in an ordered way, leading to orthorhombic symmetry with a six times larger cell volume. Thus, the Y 2 Co 3 Ga 9 type is an ordered derivative of Tb 0.67 PdAl 3 . The group-subgroup relation for the corresponding space groups is the following: Along the translation period c of the triple hexagonal cell of the trigonal (rhombohedral) structure type ErNi 3 Al 9 there are 24 monoatomic layers: three R 2 Al 3 , six T 3 and fifteen Al 3 ; consequently, the composition of the compound is 3R 2 Al 3 + 6T 3 + 15Al 3 = 6RT 3 Al 9 . The stacking sequence of the monoatomic layers repeats three times in the unit cell ( Fig. 12) The stacking sequences of the monoatomic layers in the structure types discussed above are summarized in Table 7 . For each type of layer, R 0.67 Al ≡ R 2 Al 3 ≡ R 4 Al 6 , T ≡ T 3 ≡ T 6 , Al ≡ Al 3 ≡ Al 6 , the symbols of their relative positions (A, B, C) and the Jagodzinski-Wyckoff symbols (h, c) [29] are listed. Based on the analysis of the known structures, some general rules for the stacking of the monoatomic layers in structures containing layers with ordered or disordered distribution of R atoms and Al 3 triangles can be deduced: -an R 0.67 Al layer is always located in hexagonal stacking (h) between two Al layers; -a T layer is always located in cubic stacking (c) between two Al layers; -R 0.67 Al and T layers are bridged by a single Al layer in cubic (c) stacking; -T layers are separated by one or several Al layers in hexagonal (h) stacking. The degree of hexagonal stacking (hexagonality) increases with increasing Al content: 25% of hexagonal stacking for Tb 0.67 PdAl 3 and Y 2 Co 3 Ga 9type aluminides (64.3 at.% Al), 36.4% for Gd 1.33 Pt 3 Al 8 Table 7 Stacking sequences of monoatomic layers in structures containing R 0.67 Al layers. B A B A C B C A B A B C A C B A B A C B C A B h h c c h c c h h c c h c c h h c c h c c h B C B A C B C A B A B C A C B A C A B C B C A B h c c c h c c h h c c h c c c h c c h h c c Since a T layer is always surrounded by two Al (M) layers, it is possible to consider slabs formed by three consecutive layers Al-T-Al (MTM slabs). The structure types Tb 0.67 PdAl 3 , Y 2 Co 3 Ga 9 , Sc 0.67 Fe 2 Si 5 , Gd 1.33 Pt 3 Al 8 , Er 4 Pt 9 Al 24 , R 0.67 Ni 2 Al 6 , and ErNi 3 Al 9 form a homologous series with the general formula R 0.67 T n M 2n+m , based on the stacking of three different structural slabs. Two of them are identical to the monoatomic R 0.67 M and M layers discussed above, whereas the third one is the MTM slab. In the structure of Tb 0.67 PdAl 3 Table 8 .
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Conclusions
The Al-rich part of the R-T-Al systems (R -rare-earth metal, T -d-element of group VIII; > 60 at.% Al) contains a large number of compounds crystallizing with structures that can be decomposed into monoatomic layers with triangular (or derived) mesh. Three kinds of layer are observed, among which the R 0.67 Al layer, which can be derived from a closepacked R-atom layer by a disordered or ordered replacement of one-third of the R atoms by Al 3 triangles. Probably, in the real structures the layers are ordered and the observed disorder is being due to stacking faults. Simple stacking rules could be derived, which may help to predict new structures.
